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ABSTRACT

Interconnecoptimizationfor VLSI circuits hasreceved wide at-
tention. To modelrouting surfaces,multiple circuit layersarefre-
quentlyabstractedisa singlerectilinearplane,ignoring via costs,
layer dependentouting costs,and congestionmpact for routing
in a particulardirection. In this paper we considerpreferred di-
rection multi-layer routing, which more closely modelspractical
applicationsWe adaptawell known rectilinearplanarSteinertree
heuristic,resultingin a new methodto constructiow costSteiner
treesunderarealisticmodel. Ourimplementations fastandeffec-
tive, obtainingreductionsin tree costof 11% to 37% on average
for randomproblems.

Our resultsinclude a proof that the performancebound of Mini-
mum SpanningTree costto SteinerMinimal Tree costunderthis
modelis 2:1 (in contrastto 1.5:1for planarproblems). We adapt
the Hanangrid to this model,and shaw that a Steinertree which
would be optimal undera planarformulationis suboptimalfor the
multi-layer preferreddirectionmodel.

1. INTRODUCTION

Interconnectoptimizationhasbeenan areaof active researchn
VLSI physicaldesignautomation[5].With therapidscalingof fea-
turesizes,nterconnechow constitutea substantiaportionof sys-
temdelay Modern performancedriven designcannotignorethe
impactof interconnectvires.

Most interconnectoptimizationresearchfocuseson a rectilinear

planar abstractiorof theroutingsurface.lssuessuchasvia counts,
preferreddirectionrouting, andeven layer dependentlesignrules
arefrequentlyignored. In this paper we considera preferred di-

rection multi-layer routingmodel,anddevelop aneffective Steiner
tree approximationalgorithmfor it. We alsopresenta numberof

resultsrelevantto this routingmodel.

Our formulationis intendedfor usein global and detail routing,
wherelayer assignmenandvia countshave a large impacton so-

*This researctwassupportecby NSFundergrantCCR-9988222.

lution quality. Recenglobalrouters(suchasMCG[2], SEGRA[3],
or DECIMATE[4]) decomposenulti-pin netsinto two-pin edges,
andthenfind routingsfor eachedge. The methodusedto perform
thisdecompositionwill have asignificantimpacton congestiorand
routability.

TherearesignificantdifferencedetweertherectilinearplanarSteiner
treeformulation,andthe modelwhich we presenhere.In our for-
mulation, we can considerthe costand location of vias, restric-
tion of routingon alayerto a givendirection,andlayerdependent
routing costs. This flexibility allows our globalanddetail routing
tools to constructtopologiesappropriatefor the available routing
resourcesWe notethatmary of theresultsobtainedfor the planar
Steinertree problemdo not hold for the preferreddirectionmulti-
layermodel.

The remainderof this paperis organizedasfollows. We first dis-
cussour preferreddirection multi-layer routing model in detail.
Next, we briefly summarizereviousplanarSteinerttreealgorithms,
asthey form the basisof mary currentinterconnecoptimization
approaches.A numberof lemmasand theoremsrelevant to our
routingmodelarepresentedn Section5, followed by summaryof
our algorithmic approach. We concludethis paperwith a set of
experimentakesults,anda summaryof thework presented.

2. ROUTING MODEL

In moderndesign,circuit interconnectanbe placedon a number
of differentroutinglayers. Currentfabricationprocessemayhave
asmary aseightlayers,with four layersbheingcommon.Multichip
modulesandprintedcircuit boardsmayalsohave large numbersof
routing layers. Eachlayer hasa preferred direction,usuallyalter
natinghorizontallyandvertically. Viasareusedo connectadjacent
layers,andmay have varying costin termsof electricalresistance,
routingarearequiredandreliability.

Routingcoston eachlayeris dependenbn the materialused;for
ICs, electricalresistanceon lower metal layersis quite different
from thatof anupperlayer, andeachlayermayhave a uniqguemin-
imum featuresizeandspacing. Somelayersmay be heavily con-
gested: routingspacemaybelimited, andaglobalroutermaywish
to weightindividual layersdifferently, resultingin a preferencdor
Steinertreetopologieswhich uselesscongestedareas.

Underthis model,we areinterestedn obtaininga minimum cost
Steinertree,ascomparedo minimum length. An interconnectree
which usesonly the first few metallayersmay have low length;
a higherlengthtreewhich utilizes low-resistanceaipperlayers(or
lesscongestedayers) may be much more desirable. We utilize
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Figure 1: Circuits are generally implemented using multiple routing layers, with eachlayer having a preferred routing dir ection
(and possiblyalsovarying width and spacingrequirements).Wr ong-wayrouting, while possible,severely reduces outing capacity.

differentcostsfor eachrouting layerto allow tree constructionto
adjustto matchtheresourceswvailable.

This routing modelis illustratedin Figure 1. If, for example,we
wishto connectwo pointsonthelowestlayerat coordinateg5, 7)
and(9,20), we would first have a horizontalsegment4 unitslong
on the first layer, a via to the secondayer, a vertical ssgment13
unitslong, andthenanothervia connectingoackto the first layer
The cost of this connectionis not necessarilyequalto it’s length:
theviasthemselesmightincurroutingcost,andthe congestioron
thetwo layersmight differ substantially

We modelcostby associating constantost factor with routingin
a particulardirectionon eachlayer, andalsoa fixed costfor a via
betweena pair of layers. In our formulation,a singlelayer might
have two possibleroutingdirectionswith differing cost factors: we
canmodel“wrong-way” routing easily penalizingsegmentsusing
the non-preferrediirectionheavily. Steinertreecostis the sumof
costsfor eachedge;eachedgeis simplythesumof via costsandthe
lengthsof eachsegmentmultiplied by the appropriatecost factor.

We assumethat routing costfor a particulardirectionis uniform
acrossan entire layer; this simplification allows the development
of an efficient geometry-basedlgorithm. A graphbasedSteiner
tree algorithm could also supportthis routing model, but would
have substantiallyhighercomputationatompleity.

The useof differing routing costson eachlayerleadsto animpor-

tant obseration, which we illustrate with a brief example;Figure
2 shaws this examplegraphically If we have a horizontaledge
of length 10, via costsof 15 each,and routing costfactorsof 2

and 1 for thefirst and third layers(assuminghe direction of the
edgeis compatiblewith both layers), the costfor routing on the
first layeris 10x 2 = 20, while the costof routingon secondayer
is 10x 1+ 15+ 15+ 15+ 15= 70 (we have two vias at eachend
of the edge). Clearly, an edgeof length 10 is bestroutedon the
first layer If the lengthof the edgeis 100, thenthe two routings
cost100x 2 = 200and100x 1+ 15+ 15+ 15+ 15 = 160;for the
longeredge we would preferroutingon the secondayer.

3. PREVIOUS WORK

Theroutingmodeldescribedn the previous sectionhasa number
of obvious contraststo the more commonrectilinear planarfor-

mulation. As the bulk of the work relevantto VLSI CAD utilizes
rectilinearplanarformulations we discusghis briefly here.

ThegeneraSteinertreeproblemis asfollows. We aregivenasetof
demand points which mustbe connectedy treeedges.We areal-
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Figure?2: The costof connectinga pair of locationsis dependent
on distance,and the layers usedto connect. In somecasesit
may bemore efficientto insert additional viasin order to utilize
arouting layer with lower cost. In general, routing costis not
linear with distance.



lowedto insertof additionalSeiner points. An optimal Steinertree
is atreewhich minimizestotal cost,usingasmary Steinerpoints
asnecessarylf we constructaminimumcosttreeoveronly thede-
mandpoints,thisis a Minimum SpanningTree(MST); algorithms
to computethis optimally arewell knowvn[9, 10]. The SteinerMin-

imal Tree(SMT) problemis well known to be NP-hard.

For the rectilinear planar Steinertree problem, possible Steiner
points can be restrictedto the Hanan grid[6], formed by the in-

tersection®f verticalandhorizontallines passinghroughthe ini-

tial demandpoints. Theratio of MST to SMT costcannotexceed
1.5:1[7]. While therectilinearplanarSMT problemis quite diffi-

cult, anumberof effective heuristicshave beenproposed.As the
ratio of MST to SMT costis bounded,mary algorithmsusethe
MST asa startingpoint.

The 1-Steineralgorithm[8] constructsan SMT by evaluating all

possibleSteinemointsfor theirimpactonMST cost. Thealgorithm
operatesn a seriesof passesin eachpassthesingleSteinerpoint
which providesthe greatesimprovementin spanningtree costis

selectedandaddedto the setof demandpoints. Pointsare added
until no further improvementcan be obtained. This algorithmis

extremelyeffective, althoughefficientimplementatiorcanbechal-
lenging. In experimentswith randompoint sets this algorithmob-
tainsnearly11%improvementsover MST on average.

Theheuristicthatis adaptedo thepreferreddirectionroutingmodel
isthe“BOI” or “edge-remwal technique”of Borah,Owen,andlr-
win [1]. In this approachwe repeatedlydeterminean edgeand
vertex pairin anMST thatarecloseto eachother If we generate
a connectiorfrom the vertex to somelocationon the edge,we in-
troducea cyclein ourtree;this cycle canbe eliminatedby removal
of asecondedgealongthe cycle. The BOI approactdeterminesa
setof thesepairings,alongwith appropriatévictim” edgeghatare
to beremoved; new connectionsareinsertedandvictim edgesare
removeduntil noimprovementsanbeobtained.Theapproacthas
low compleity, with performanceomparableo thatof 1-Steiner
This approachs discussedn greaterdetailin the next section.

4. PREFERRED DIRECTION
STEINER TREES

In this sectionwe presentnumberof obserationsrelevantto op-
timal Steinertreesunderthe preferreddirectionmulti-layerrouting
model,followed by a descriptionof our algorithmicapproach.

4.1 Geometric Properties
A numberof obsenationscanbe maderegardingSteinertreesun-
derthis model.

e Routingcostis notlinearwith distancelf layerl; hasalower
perunit costthanlayerlj, it maybebeneficiatto insertaddi-
tional vias (which have coststhemseles)to take advantage
of the lower cost. For shortdistancesthe via costmay out-
weighthe sarings of analternatdayer. In contrastto planar
rectilinearformulations,costunderthis modelis monotoni-
cally increasingbut not necessariljinearwith distance.

e In themulti-layermodel,if upperroutinglayersarenot‘less
expensve, they will not be used. Using the upperlayers
incursa via penalty andthe reductionin routing costmust
outweighthis penaltyif thelayersareto be used.
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Figure 3: An optimal Steiner point to connectthree demand
point may not be at the median of the point locationsin the
preferreddir ectionmodel. In (a) and (b), we either utilize layer
1, or add additional vias. If layer 3 is inexpensie, (c) may be
the most efficient method to connectthe thr eepoints.

e For the threedimensionalmodel, the familiar 1.5:1 perfor
manceboundof MST to SMT doesnot hold.

We now presenta few results,and shortproofsfor the properties
which arenotobvious.

Lemma 1: All treeedgeswill consistof at mosttwo segments.
We assumehat the distancebetweenthe two pointsconnecteds
AX+AY. If we usetwo differentlayersto spantheAX distancewe
pay the routing costsfor eachmultiplied by the distancetraveled.
This sumis AX; x cost(lj) + AX; x cost(l}). If cost(li) > cost(l}),
we couldclearlyimprove the connectiorby utilizing only [ ;.

Lemma 2: An optimal Steiner point which joins thr eevertices
is not necessarilyat the median of their X and Y coordinates.
The differencein coston the variouslayers,andthe costof addi-
tional vias, changethe locationof an optimal Steinerpoint. Con-
siderFigure3; if onepointis onthefirst layer, two otherpointsare
on the third layer, andthe first layer andvias have high cost,the
routingin (c) maybelessexpensve thaneither(a) or (b).

Thesedifferencesnay make us suspecthatconstructiorof a high
quality Steinertreeis difficult. Many currentrectilinearapproaches
rely hearily on the Hanan grid to reducethe size of the solution
spacenon-linearcostsandpreferreddirectionconstraintsnaysug-
gestthatthis grid no longersimplifiesmatters.Fortunatelywe can
prove thatoptimal Steinerpointsstill lie onthe Hanan grid, pass-
ing througheachroutinglayer;thisis not affectedby thelayercost,
via cost,numberof layers,or directionof eachlayer

Theorem 1: Optimal Steiner points for the preferred dir ection
modellie on or dir ectly above the Hanan grid points.

Proof: Assumewe have an optimal Steinertree, which includes
Steinerpointo. If this pointis not alignedwith the initial demand
points, there are edges(using no more thantwo segmentseach)
from o to otherpointsin theoptimalSteinertree. If all layerassign-
mentsremainfixed,shifting o horizontallyresultsin linearchanges
in tree cost—clearlywe canshift o in a directionwhich improves
cost(contradictingthe assumptiorthat our treeis optimal), or we
have no changen cost(indicatingthatwe may shift the point until
it falls ontoor abore the Hanangrid).

Lemma 3: The triangle inequality holds for the preferred di-
rection routing model. If we have threeverticesvy, Vp, V¢, the
sumof costsfor edgedrom v, to vy, andvy to ¢ is greaterthanor



equalto the costof anedgedirectly from vy to vc.

Theorem 2: The ratio of costsof a Minimum Spanning Treeto
that of a Steiner Minimal Treeis no greater than 2:1 for the
preferred dir ection multi-lay er routing model.

Proof: We utilize methodsfound in generalgraphtheoryfor our
proof. We assumave have anoptimal Steinertree T, asshavn in

Figure 4(a). We canconstructa tour of all verticeswith a depth-
first searchstartingfrom ary leaf vertex, asshavn in Figure4(b).
Thecostof thistour is clearlytwice the costof the optimal Steiner
tree. If we eliminateintermediateSteinerpointsfrom this tour as
shawvn in Figure 4(c), we reducethe cost of the tour: our third

lemmaensureghat a direct edgehascostno greaterthanthat of

anedgewhich includesanintermediatepoint. The costof a Min-

imum SpanningTreeis clearly lessthanthe costof a tour which
visits eachdemandpoint; thus, the ratio of MST to SMT costsis

nogreaterthan2:1.

It is a simple matterto constructa routing problemin which the

MST to SMT ratio comesarbitrarily closeto the 2:1 bound. If we

placedemandpointsin a horizontalline, andonly allow horizontal
connectionsn anupperlayer, eachedgeof a Minimum Spanning
Treewill requiretwo vias; an optimal SMT would have only one

via perdemandpoint. If the demandpointsareclosetogethervia

costwill dominatetreecost,andtheratiowill approaci2:1.

4.2 Algorithmic Approach

Our approachto the preferreddirection multi-layer Steinertree
problemis basedon the rectilinearplanarSteinertree heuristicof

[1]. We discusstheir approachin more detail, andthendescribe
how it is adaptedo the new routingmodel.

Theapproactof [1] constructa Steinertreethroughrepeatednod-
ification of aninitial Minimum SpanningTree. The modifications
performedareasfollows. We first identify a pairing of anedgeto

anearbyvertex; if we connecthis edgeto thevertex (ata suitable
point), a cycle is created.We canbreakthis cycle by removing a
singleedge.If thechangen treelengthfrom connectinghevertex

andedgepair, followedby theremoval of theedgealongthecycle,

is beneficial the modificationhaspositive gain.

Constructiorof alist of candidatamodificationds asimplematter;
we checkall combination®f edgesandverticesto find nearbypair
ings, andthendeterminethe longestedgeon ary generatedycle.
Modificationsare performedin a greedymanner with the process
repeatinguntil nofurtherimprovementcanbemade.Figure6 from
[1] shavs a samplemodification. Pseudaodefor the algorithmis
givenin Figure5.

The structureof the tree changeswith eachmodification, so we
verify that a modificationis appropriatebeforeit is performed.
Without thesechecksiit is possiblethatthe tree may becomedis-
connectedor that we deletea suboptimalelementon the cycle.
The compleity of finding possiblepairingsis O(nz), asis thecost
of implementingall modificationsfound in a pass. The number
of passesequiredis generallysmall, resultingin a compleity of
O(n?) for the entirealgorithm. Ourimplementatiorhasbeenused
to constructSteinertreesfor problemswith tensof thousandf
points.

TheSteinemeuristicdescribedbore wasintendedor planarprob-
lems.We adaptthe heuristicto the preferreddirectionmodel(only

Begin
- Findthe MST for the setof vertices.
- For each< vertex;, edge; > pair of thespanningree,
find the optimumSteinerpointto meigethe endpoints
of edgej with vertex
find thelongestedgeon thegeneratedycle
computethegainif the modificationis performed
storethe pair andthe gainin thegainlist
if thegainis positive
- Sortthegainlist in descendingrder
- while (thereexistsa pairin thelist)
recomputdhelongestedgeon the cycle andthegain
if (theedgedo bereplacedarein thetree
andthegainis positive)
modify thetree
endif
endwhile
end.

Figure 5: A variation on the Steiner tree heuristic of Borah,

Owen, and Irwin. We modify the approachto considera vari-

ety of candidate Steiner points, and alsorecomputethe longest
edgeon a generatedcycleprior to performing a modification.
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Figure 7: A preferreddir ection Minimum Spanning Tree,and
the Steinertr eeobtained by our approximation algorithm. De-
mand points arelocatedon the bottom layer; via costsmakethe
upper layersrelatively expensve to use,resultingin heavy con-
gestionon the lower layers. The Steinertr eeintr oducesSteiner
points on all layers, resultingin lower tr eecost,and more uni-
form usageof routing resources.
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Figure 4: The ratio betweenMST and SMT costis at most 2:1 for the preferred dir ection model. Beginning with an optimal SMT,
we can construct a tour of all points asshown in (a). Eliminating Steiner points from this tour reduceshe costof a tour, asshown in
(b). The costof this reducedtour must be greaterthan the costof a Minimum SpanningTree.

(@) (b)

p3 e3

©

Figure 6: The BOI approachmodifiesan initial spanningtreeby determining a pairing of an edgeand nearby vertex. If we connect
this edgeto the vertex (inserting a Steiner point), we generatea cycle; removal of the longestedgeon this cycle can resultin a

reductionin overall treelength or cost.

relatively minor changesrerequired). The mostsignificantmod-
ification is in the estimationof edgecost: we candeterminethe
lowestcostroutingbetweera pair of pointsby simply enumerating
thedifferentpossibldayerassignmentfor apair of sggmentscon-
nectingthe points(andincludingthe necessaryias). We consider
all possiblecombinationsvhendeterminingtheroutinglayersand
directions(note that we cannot,in general,perform“corner flip-
ping” withoutincurringadditionalvia cost).

Aside from a modificationto how individual edgesarerouted,and
anenhancemernh themannetthatavertex andedgearejoined,the
heuristicof [1] remainsrelatively unchangedFirst, we constructa
minimumspanningreeusingPrim’s algorithmandtheappropriate
edgecost method. We then perform gain computationsfor each
< vertex,edgej > pair. As the optimal Steinerpoint to meige an
edgeand vertex is not necessariljthe medianof the coordinates,
we usea differentapproach:we checkall Hanangrid pointson
eachlayer generatedy the endpointsof the edgeand the vertex
(we are assuredhat one of theselocationswill be optimal). For
threepoints,thereare9 possibleHanangrid locations;if we have
| layers,| x 9 possibleSteinerpointsare considered.The Steiner
pointwhich providestheminimumtotal cost(the sumof edgecosts
from the Steinermointto thethreeinitial points)is selectedWe can
thendetermineghegain for this pair by identifyingthelongestedge
onthe cycle createdf we connectvertex; to edgej. For example,
in Figure6, thegainof < p1,c5 > is

gaings = costy + codts — Costg) — COStss — COStgs

Thetheoremandlemmaspresenteallow the identificationof op-
timal Steinerpointsin the meige operation.By limiting candidate

Steinerpoint locationsto the multi-layer Hanangrid, we maintain
the low computationalkcompleity of the original algorithm; our
implementationhas beenappliedto problemswith thousandf
points. As theresultingSteinerTreeis obtainedthroughimprove-
mentsto aninitial Minimum SpanningTree,theresultingtreecost
is lessthantwice thatof an optimal Steinertree,andour approach
could be classifiedasan approximationalgorithm. Figure 7 illus-
tratesa Minimum SpanningTree,andthe Steinertree obtainedby
our method, for a preferreddirection problemwith four routing
layers.

As wasmentionedn theintroduction,we areinterestedn this for-

mulationasit relevantto global routing. We integrateour Steiner
treealgorithminto our global routerin the following way. Initial

layer andvia costsare selectedand Steinertreesfor all netsare
generatedWe considerroutingresourcautilization, andadjustvia

andlayer costsif ary resourcds over utilized. Repeatinghis pro-
cess,routing resourceutilization corvergesto a uniform distribu-

tion.

5. EXPERIMENTAL RESULTS

To evaluatetheperformancef the PreferreirectionSteinefTree
algorithm,we performexperimentonrandompointsetsandcom-
pare SMT and MST costs. Pointsare randomlydistributed on a
1000by 1000grid, with all pointsbeinglocatedonthelowestlayer.
In this paperwe presentesultswith 8 routinglayers,with routing
directionsbeingrestrictedto alternatehorizontally and vertically.
Via costsrangefrom 1 to 200. To modelthe differencesn rout-
ing capacitybetweenlayers,we eitherdoublecostwith eachlayer
(layeri from the“top” costs2—1 perunit), or increaseby a factor
of 1.1 (layeri from the“top” costs1.1'~1 perunit). We considered
netswith 3 to 30 pins, and 100 randomlygenerategroblemsfor
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Figure 8: Percentageimpr ovementin tr eecostover MST for netsof various sizes.We route using 8 layers, with via costs(V) of 1, 50,
100,0r 200,and routing layer costfactors (R) of 1.1or 2. Experiments were performed with netsof 3 to 30 pins.

eachcombination.Note thatthesevaluesare usedto illustratethe
flexibility of the algorithm;they arenot meantto representctual
layeror via costs.

Resultsshaving averagepercentageeductionin treecostsof SMTs
over MSTsarein Figure8. Whenvia costsarelow, or differences
betweerroutingcostsoneachlayeraremodestperformancef the
Steinerheuristicis comparableo that of 1-Steineror BOI. When
via costsare high andthe routing capacityof layersdiffers sub-
stantially significantreductionsin tree costsare obtained. While
averagerectilinearplanarSteinertreealgorithmsobtainonly 11%
improvementswe obsenre average reductionsof asmuchas37%.

We have alsoperformedstudiesto evaluatethe numberof viasre-
quired. We have obsered via reductionsrangingfrom 20%to as
muchas43%,whencomparedo minimumspanningrees.ln some
respectsye canexpectminimumspanningreesto have worstcase
performanceasinsertionof Steinemoints(onintermediatdayers)
is anexcellentwayto reducehenumberof inter-layerconnections.

6. SUMMARY AND CONCLUSIONS

In this paper a routing model which reflectscurrentdesigncon-

straintsis presentedWe directly considerpreferredrouting direc-

tions andvia costs,while maintaininga computationallyefficient

approach.In experimentswith randompoint sets,treecostreduc-
tions of asmuchas37% on averagewereobsered. On problems
with low via cost,our resultsare comparabléo the bestavailable

Steinertreeheuristics Previousmethodsmight eithermapaplanar
resultinto multiple layers(degradingsolutionquality), or approach
the problemwith a graph-baseébrmulation(losingcomputational
efficiengy).

We have shavn that someresultsfor planarSteinertreeformula-
tions do not hold for our routing model. In particular theratio of
minimumspanningreeto Steineminimal treecostis 2:1,andnot
1.5:1. While edgecostis not linear with distancewe shav thata
constructionquite similar to the Hanangrid containsall necessary
Steinerpoints.

Ourfocushasbeenon minimum cost Steinettrees;we arecurrently
integrating this routing model with performancedriven intercon-
nectoptimizationmethodswherewe considerwire sizing, buffer
sizing,andbuffer insertion.

We arealsodirectly applyingthis Steinertreeapproacho perfor
mancedriven multi-layer VLSI globalrouting. By adjustingrout-
ing costson eachlayer, we canbalancetreelengths,layer usage,
andvia counts,reducingglobal routing congestionsubstantially

comparedo previous methods.
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